in the hyperaccumulator Thlaspi caerulescens [11] , the natural resistance-associated macrophage protein (NRAMP), the cation diffusion facilitator protein (CDF) family [12] , and the heavy metal-transporting P1B-type ATPase (HMA) [13] . Cd is most likely crossing the plasma membrane via members of the ZIP transporter family (ZRT-IRT like protein; zinc-regulated transporter, iron-regulated transporter protein) (Guerinot, 2000) . IRT1 (iron-regulated transporter protein) is not only the main root transporter of Fe taken from the soil, but is also the main entry route of Cd [14] . Besides IRT1, ZIP1 (zincregulated protein) has been shown to transport Cd in plants [15] [16] .
The NRAMP family metal transporters function as Fe transporters. NRAMP5 is involved in the transportation of Cd from the soil to root cells and is also a transporter of Mn [12] . NRAMP1 is localized in the plasma membrane of root cells, functioning as a high-affinity transporter for Mn uptake [17] . AtNRAMP1 expression induced by Fe deficiency in roots is thought to control Fe homeostasis in plants [18] [19] and may be involved in an enhanced influx of Cd into the cells, causing Cd toxicity [20] [21] . HMA3 may be involved in the detoxification of metals by chelating Cd into the vacuole [22] . Plant roots are well known as an organ sensitive to environmental stress [23] . Gene expression differences can reveal metal absorption, accumulation, and tolerance traits. Therefore, monitoring differentially relative expression levels of genes under Cd stress is very useful for understanding Cd hyperaccumulation/tolerance mechanisms.
The objectives of the present study were to investigate uptake and accumulation of Cd and relative gene expression (IRT1, NRAMP1, and ZIP1 genes) in roots of Cd-resistant S. matsudana exposed to 50 μM Cd over a short period of treatment (1, 3, 6, 12 , and 24 hours). The identified physiological and molecular data provide novel insight into Cd tolerance in woody plants, which can in turn play an important role in phytoremediation investigations.
Materials and Methods

Plant Material and Growth Conditions
Woody cuttings (25 cm long) from one year-old shoots of S. matsudana were collected and fully rinsed with distilled water before starting the experiments. After dipping in distilled water at room temperature, 10-day-old healthy plants were transferred to half-strength Hoagland nutrient solution and grown for a week. In the previous investigation, we treated S. matsudana with a different concentration of Cd and found that 50 μM Cd is only just a little influence on phenotype and growth. Thus, we chose this concentration in the present investigation. They were spiked with 50 μM Cd for 1, 3, 6, 12, and 24 h. Cadmium was provided as cadmium chloride (CdCl 2 
Determination of Cd and other Minerals
Both control plants and plants exposed to 50 μM of Cd for 1, 3, 6, 12, and 24 hours were harvested based on uniformity of size and colour (removing the greatest and the smallest plants, followed by random selection). The roots for each treatment were washed thoroughly with running tap water for 30 minutes, incubated for 10 minutes in 20 mM of disodium ethylenediamine tetraacetic acid (Na 2 -EDTA) at room temperature, and then washed with deionized water to remove traces of nutrients and Cd ions from their surfaces. The roots were dried at 45ºC for 72 hours, 80ºC for 24 hours, and 105ºC for 12 hours. After weighing, dried-root material (0.2 g) was digested with a mixture of HNO 3 and HClO 4 (4:1, v/v) at a controlled temperature of 160ºC; the ratio of the volume (mL) of the mixture acid/mass to the tissue (g) was 20:1. After dry-ashing, concentrations of Cd, Mn, Zn, Ca, and Fe were analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES, Leeman Labs Inc., USA).
Total RNA Extraction and First-Strand cDNA Synthesis
Roots of control and treatment groups exposed to 50 μM of Cd for 1, 3, 6, 12, and 24 hours were used for gene expression analysis. They were separated and washed with deionized water. Total RNA was extracted using the easyspin Plant RNA Extraction Kit (Aidlab, China), and FirstStrand Synthesis SuperMix (TransScript, China) was used for cDNA synthesis -both according to the manufacturers' instructions. RNA integrity was verified by running agarose gel electrophoresis and detecting the three bands corresponding to ribosomal RNA 25S, 18S, and 5S. Total extracted RNA was quantified with a NanoDrop 200ºC Spectrophotometer (Biochrom, England) and stored at -80ºC. Each treatment was replicated twice.
Quantitative Real-Time Reverse Transcription-PCR (qRT-PCR)
Roots of control and treatment groups exposed to 50 μM of Cd for 1, 3, 6, 12, and 24 hours were used. Every cDNA template for the qRT-PCR reaction with 7500 RealTime PCR (Applied Biosystems, USA) was measured using a SYBR Select Master Mix (Applied Biosystems, USA). The programme used for qRT-PCR was as follows: UDG activation at 50ºC for 2 minutes, Amplitaq fast DNA polymerase, up activation at 95ºC for 2 minutes, followed by 40 cycles of denaturation at 95ºC for 15 seconds and annealing/extension at 50ºC for one minute. The gene-specific forward and reverse primers and cDNA template were added to the SYBR Select Master Mix. Primers for the genes were designed by Primer 5.0 with gene sequences from GenBank in NCBI. The Populus trichocarpa actin gene was used as a reference for all genes. Primers designed for the target genes and reference gene are detailed in Table 1 . Real-time PCR experiments were conducted on the two biological replicates, with three technical replicates for each sample. Melting curves were used to assess amplification specificity. The relative quantities of the transcripts were analyzed using the comparative Ct method [24] .
Statistical Analysis
Data from this investigation were analyzed with Sigma Plot 13.0 using means ±standard error (SE). For equality of averages, a t-test was applied. Results were considered statistically significant at P<0.05.
Results
Cd Accumulation and its Effects on Other Minerals
Statistical analysis from inductively coupled plasma atomic emission spectrometry (ICP-AES) showed significant correlations between concentrations of Cd and microelements (Fe, Mn, Ca, and Zn). The level of Cd in roots increased significantly (P<0.05) with prolonged treatment times when compared with control ( Expression of IRT1, NRAMP1, and ZIP1 Genes In order to elucidate the different durations of Cd uptake at the genetic level, changes in relative expressions of IRT1, NRAMP1, and ZIP1 genes in the roots of S. matsudana exposed to 50 μM of Cd from 1 hour to 24 hours were examined. The expression of IRT1 in roots was higher than in control (P<0.05) during the whole Cd treatment period (Fig. 1) . After 24 hours of exposure, the relative expression of IRT1 peaked: an increase 6.7 times higher than that of control treatment (P<0.05). With regard to NRAMP1, relative expression in the roots varied according to the duration of treatment. A sharp increase of 160.8% for the relative expression of Values followed by different letters are significantly different (P<0.05). n = 4. NRAMP1 was detected after exposure to Cd treatment for 1 hour (P<0.05) when compared to control, after which the expression declined (Fig. 2) . However, the relative expression of NRAMP1 was again higher (P<0.05) after exposure for 24 hours, increasing by 78.8%. In addition, it is certain that the expression of ZIP1 increased sharply after exposure to 50 μM Cd for one hour, which is 5.9 times that of control treatment (P<0.05) (Fig. 3) . After three hours of the stress, the expression of ZIP1 reached a maximum, which is 10 times that of control (P<0.05).
Discussion
Some heavy metals such as cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn) are metal micronutrients that play an essential role in plant cell growth and development [25] . Dynamic equilibrium of these heavy metals in plant cells is necessary to avoid deficiency and toxicity [1] . To achieve this, plants utilize some stringent regulatory mechanisms. It is well known that the absorption and maintenance of heavy metal ions in cells are controlled by specific transporters and metal pumps [26] . Cd ion uptake occurs via transmembrane carriers engaged in the uptake of Ca, Fe, magnesium (Mg), Cu, and Zn [27] [28] . At the root level, IRT1, ZIP1, and NRAMP1 are the best-studied non-specific transporters responsible for Cd uptake and other divalent metal nutrient transporters [29] [30] [31] [32] .
Some investigations have proven that transporters (including the ZIP family transporters) participate in Cd absorption and accumulation in plants, and the balance between transport processes [31] [32] [33] . IRT1, the earliest discovered member of the ZIP family, is not only the primary root iron uptake system in plants but can also transport significant amounts of Cd [34] [35] . In the present investigation, the relative expression of IRT1 in the roots of S. matsudana exposed to 50 μM of Cd during the whole treatment period increased significantly (P<0.05) and large amounts of Cd were absorbed, suggesting that IRT1 plays an important role in Cd uptake. ZIP1 belong to the same transporter family with IRT1. ZIP1, ZIP3, ZIP4, ZIP5, ZIP9, and ZIP10 genes in Arabis thaliana have been demonstrated to be an important factor to control Zn uptake, as they encode a plasma membrane-localized Zn-specific transporter. [36] [37] [38] . The current studies have shown Cd transport in rice, tomato, tobacco, and radish by ZIP1 [16, 32, [39] [40] . In the present investigation, expression of ZIP1 increased significantly and quickly in the roots of S. matsudana for the early stage of 50 μM Cd treatments (Fig. 3) , suggesting that ZIP1 may play crucial roles in the early absorption of Cd. NRAMP1 can be considered a kind of Fe transporter in plants, and its expression can be induced by Fe deficiency in roots [19] . Cailliatte et al. [18] demonstrated that the metal transporter NRAMP1 was high-affinity Mn uptake that is essential for growth in conditions of low Mn availability. The results from Xiao et al. [30] and Thomine et al. [21] also showed that NRAMP1 encodes a functional metal transporter responsible for mediating the distribution of ions as well as the transportation of Cd in plants. In these studies, the increased relative expression of IRT1, ZIP1, and NRAMP1 in Cd-treated roots led to increased Cd uptake. IRT1 and ZIP1 plays a dominant role in the absorption of Cd compared with NRAMP1 in S. matsudana's early exposure to Cd. Meanwhile, the relative expression of IRT1 and NRAMP1 is likely stimulated by Cd-induced Fe, Zn, and/or Mn deficiency.
Different concentrations of Cd may lead to different expressions of these genes. It was reported that IRT1, Nramp1, and ZIP1 expression increased in two tomato genotypes with increases in the Cd concentration [32] . The results from other studies showed that high Cd accumulators had high expression of IRT1 and ZIP1 when in comparison with low Cd accumulators [32, 35, 41] . More studies, however, are required in this direction.
Evidence has confirmed that adding excessive Fe and Mn to a solution containing Cd can reduce Cd uptake, ameliorate phytotoxicity, and alleviate (to some extent) Cd-induced inhibitory effects on growth parameters of kidney bean seedlings, maize plants, and rice by preventing impairment in pigment synthesis [42] . Choppala et al. [1] found that Fe and Mn were conducive to internal defensive mechanisms in plants. They compete with Cd in the active transporters and can minimize Cd transportation into plants. Here, the contents of Fe, Mn, and Cd levels in the roots showed a negative correlation during the whole experiment, which may explain why concentrations of Fe and Mn gradually declined with increased Cd concentrations in the roots (Table 2) . Chemical similarities and interactions between Zn and Cd are thought to be the main causes of Cd toxicity in higher plants. Cd and Zn belong to Group IIB in the periodic table and form tetrahedral complexes, competing for the same binding sites and/or ligands in biological systems [43] . Zn is known as a cofactor in many enzymes and regulatory protein. Interference by Cd in Zn homeostasis may result in serious effects on cell growth, development, and functioning [42] . Zn and Cd likely pass into the cell membrane through transporter protein family members by ZIP (zinc-regulated transporter-like proteins or ironregulated transporter-like proteins) [44] . Other studies have reported that Cd ions could enter root cells via orthologues of AtIRT1, TcZNT1/TcZIP4, and TaLCT1, or via cation channels [7, [45] [46] . The results of the present investigation have shown that the concentration of Zn in the roots of S. matsudana decreased (P<0.05) during the whole experiment, except for the treatment group exposed to 50 µM of Cd for six hours, which is consistent with previous investigations where Cd induced a marked reduction of Zn levels in Allium cepa [47] and maize [48] . Cd and Ca have similar ionic radii (0.099 nm and 0.097 nm, respectively) and compete for the same Ca channels in plants [49] . Shortly after Cd enters the cytoplasm, it binds to certain sites in the root tip apoplast, affecting the function of the plasmalemma pumps transporting Ca ions and resulting in the interference of Ca uptake.
